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Introduction
Although synthetic antioxidants include high efficiency and relative cheapness, their use decreases due to their carcinogenicity. Therefore, research studies have focused on antioxidants from natural sources in recent years. Licorice, the root of Glycyrrhiziaglabra, has been used in medicine as a natural antioxidant for more than 2000 years. Licorice root has widely been used in pharmaceutical, food and tobacco industries (1) . Licorice, best grown in well-drained soils in sunny deep valleys, is harvested in autumns two to three years after planting. Usual yield of the fresh roots includes 20-50 t/ha per harvest. Iran ranked second in 2017in production of licorice with nearly 170,000 ha of culture areas (2).The root is simply harvested, washed and dried. Licorice root has been used in many forms, either containing glycyrrhizin or as DGL, deglycyrrhizinated licorice. When licorice roots is collected, the following processes of cleaning of dirt, drying to proper moisture for preservation, crushing to small pieces, boiling at high pressures, and filtering, concentrating and packing in cubes of the extracts are carried out (Figures1 and 2) . The licorice cubes are mainly exported to China, India, Russia and European Union. Drying is the most important stage in licorice root processing. Nearly all fresh licorice roots (with nearly 40-50% moisture content, wet basis) should be moisture removed to low contents (3-5%) in very short-time after harvest (3).The common drying method used in licorice root industries is shade drying. Disadvantages of this procedure include long drying times and that the desiccation time cannot be decreased by raising the drying temperature since many ingredients of licorice roots are highly heat sensitive. Studies have focused on effects of environmental factors on growth of licorice roots (4) (5) (6) . A few studies have been carried out on medicinal compounds of licorice roots during the drying process. Sabetkalam and Ghasemi (7) showed that convective air-drying of Iranian licorice roots at 22°C resulted minimum oxidative stress and maximum antioxidant activity of 0.084 and 91.52%, respectively. They reported that drying above 22°C decreased antioxidant activities. Compared to shade drying, ambient temperature forced air-drying and vacuum low-temperature drying could extremely decrease drying time of sensitive plants with no damages in quality characteristics of the final products. Forced convective air-drying at ambient temperatures removes humidity. When substances are dried with no heat forced air, the natural drying possibility is achieved. The procedure is slow and weather-dependent. A wise method "fan off-fan on" is planned, considering subsequent situations of air temperature, relative humidity and moisture content and temperature of the dried material. Licorice roots are further dried using this method and the total time (involving fan off and on times) may complete from one week to several months if a winter repose can be permitted in cold regions. Vacuum drying is a mass transfer operation; from which, moisture is removed when generally wet matters are discharged by producing low atmospheric pressures. In food and pharmaceutical industries, desiccation is a necessary procedure to eliminate humidity from materials. Vacuum dehydration is mostly used for the materials that are heat sensitive. When pressure is decreased, boiling point of water decreases and rate of process of releasing moisture rises significantly; hence, enlarging dehydration rate. Because of a high-energy consumption in this method, vacuum drying should be used insensitive and high-value added foodstuffs (8) .There are many studies on effects of vacuum drying on various food products and plants such as bananas (9), potatoes (10), mushrooms (11), pumpkins (12) , red peppers (13), onions (14) and pistachios (15) . However, there are a few studies on how the oxidative stress and antioxidant activity are affected by drying at low-temperature vacuum conditions. Therefore, the objective of the current study was modeling the vacuum drying kinetics of licorice roots. To the authors' best knowledge, no similar investigations have been carried out on licorice roots. Development of vacuum drying procedures for high-quality dehydrated licorice root production in proportionately short times can favor licorice industries. 
Materials and Methods
The licorice roots were purchased from Zagros Licorice, Kermanshah, Iran. Fresh licorice roots were stored at 4°C until use. Nearly 200 g of the fresh licorice roots were collected before the beginning of each drying run based on their diameters (10 and 15 mm). Roots were washed to remove dirt. Then, 100 g of the roots were used for drying test, while the rest were used for the moisture assessment. The first moisture assessment of licorice roots was carried out using oven at 130°C for 6 h under standard method of ASABE (16) . Briefly, 100 g of licorice roots were transferred to an oven, the -final weight was recorded and the decreased weight was calculated as gram water per gram dry matter.
Experimental procedure: Structure of the vacuum oven is illustrated in Figure3. The apparatus is made of a vacuum drying oven (Model VO 400 Memmert, Germany) and an electronic weight device (E-TRONIX, Poland) inside the vacuum oven for measurements. Data were wirelessly transferred via an IR system to a laptop. Weight broadcasts sent weight and temperature to the laptop every 1 or 10 min, depending on the switch status. The weight included a battery power supply and an accuracy of 0.01 g. The vacuum was regulated using electronic solenoid valves with adjusting ranges of 10-1100 mbar with resolution of 1 mbar.
Figure3. Schematic diagram of the laboratory vacuum dryer
Drying temperature was monitored using two highgrade platinum temperature pt100 sensors with sensitivity of ±1°C. For each vacuum drying test, licorice roots were transferred to dishes of weight on vacuum dryer and then changes in licorice root weight were recorded automatically and moisture contents were calculated. The drying temperature was regulated at 22 °C and the base vacuum at 50 mbar.
Calculations:
The moisture ratio (M R ) was calculated based on the following equation of 1:
Where, M, M 0 and M e (g water/g dry matter) were existent, initial and dynamic equilibrium wetness, respectively. When equilibrium wetness could be surmised zero for the vacuum drying, then the moisture ratio could be reorganized as M/M 0 (17).
Moisture ratio curves were fitted with five empirical models, which were used later in herb drying kinetic such as Scutellaria (15) , basil (18) , Andrographis paniculata (19) , yerba mate leaf (20) , amaranth (21) , Steviarebaudianabertoni leaf (22), ginger (23) and other herb dryings. These models were called Newton, Page, Henderson Pabis, Logarithmic and Two term described in equations 2-6, respectively:
= exp (− ) (4)
Where, t was the time (min) and k, k 0 , k 1 , n, a, b and c were the model parameters.
Non-linear regression analyses were carried out using Statgraphics Centurion XVII Software. Evaluations of the model's compliance were carried out using coefficients of determination R 2 andstandard error of the estimate S e calculated by the software.
Results and Discussion
Drying curves: The initial moisture of licorice roots included 48.2% (wb). The moisture instead of time curves for licorice root drying affected by size (10 and 15-mm diameters) are displayed in Figure4. Clearly, as size of the roots increased, time for reaching specific moisture levels increased. For example, dehydration time for arriving 10% (wb) moisture content of the roots with 10 and 15-mm diameters included 40 and 110 min, respectively. These results have been reported for the vacuum drying of parsley (24) and American ginseng roots (25) . When diameters of the roots increased, the drying time increased as well. As seen in Figure4, fast decreases in moisture drop of the licorice roots were observed in the first 20 min of vacuum starting. Drying then continued with a gentle slope. This could occur by capillary attribute and cell structure of the licorice roots as signified by drying rates, which were not steady. During the initial 20 min, the external layer of the roots conducted as a surface of free water when exposed to vacuum. The value of moisture elimination of the surface relied on standing where drying occurred until after 20 min of wetness migration from the interior layer of roots to the exterior layer. The final phase relied on diffusion rate of moisture in vacuum from the root inside to the surface layer and moisture reduction from the root surface layer.
Modeling drying curves:
Data from the vacuum desiccation were used to assess suitability of equations 3-7. Model parameters were calculated using nonlinear regression. Results are illustrated in Tables 1 and 2 . The analysis resulted two term models with high values of R 2 =98.21% for 10-mm diameter root drying ( Table 1 ). The fitness is demonstrated in Figure 5 . The R 2 value for 15-mm diameter root drying included 95.43% for Henderson Pabis models that signified excellent suitability of the models ( Table 2 ). The fitness is shown in Figure 6 . 
